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NATIONALADVISORYCOMMITTEEFORAERONAUTICS

mcmucm NOTE2701

A SURVEYOFTEEAIRCRAFT-NOISEPROBLEMWITHSPECIAL

REFERENCETO ITSPHYSICALASPECTS

By ~y H.Hubbard

Thisbriefsurveyisaimedatprovidinga Mckgroundforvarious
generalphasesoftheairczaft-noiseproblem.Materialhasbeendrawn
fromNationalAdvisoryCommitteeforAeronauticsnoise-researchprograms
attheLangleyLaboratory,fromvisitstovariousorganizationswhich
areconcernedin somewaywiththeaircraft-noiseproblem,andfroma
reviewoftheliterature.Theeffectsofnoisearediscussedbrieflyas
a backgroundforthereaderandbriefdiscussionsofthephysicalchar-
acteristicsofaircraftnoiseandsoqewaysofprotectionfromnoiseare
alsoincludedalongwitha limitedbibliographyofresearchwork
applyingtotheaircraft-noiseproblem.

Theseandotherrelatedstudiesindicatethatno easyandinexpen-
sivesolutiontotheairc-fi-noiseproblemisavailableatpresent.
Reductionsofnoiseatthesourcearepossiblein somecases,as forthe
propellerandthereciprocatingengine,butonlyifa possibleperform-
ancepenaltyisacceptable.Theproblemofpro@3ingadequateprotec-
tionisinmanycasesexpensiveandis complicatedby theintenselow-
frequencycontentofthenoisefrommostaircraft-noisesources.

INTRODUCTION

Theproblemofaircraftnoiseanditsreductionhasbeenofinterest
formanyyearsbutisbecomingofgreaterconcernbecauseofthehigher
noiselevelsbeinggeneratedandtheeverincreasingnumberofpeople
beingaffected.Developmentsofmorepowertipropulsiomsystemsfor
militaryandcommercialusehaveinherentlyresultedinhighernoise
levels.Thusnotonlyarepassengers,crews,andservicepersonnelof
airplanesaffectedtoa greaterdegree,butsoarelargergroupsof
peopleworkingandlivingnearairportsandtestfacilities.Becauseof
thewidespr@dinterestinthissubjectandbecause.ofitsimportance,
theNationalAdvisoryCommitteeforAeronautics,other’governmental
agencies,andaircraftcompaniesarecontinuingtheirbasicresearch
relativetoaircraft-noiseproblemsingeneral,inan attemptto define
thepresentandfuturescopeoftheproblemandto explorethepossi-
bilitiesoftheirsolution.
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Inthepresentpaperinformationofspecificapplicationto the
aircraft-noiseproblemand,inaddition,informationofa generalnature
whichhasa bearingonthisproblemhasbeencollectedforpurposesof
a briefsurvey.Becauseoftheccmrpl@tyandthemanyramifications
oftheaircraft-noiseproblem,onlythemoreimportantresultsonsome
ofitsphasesareincluded.Materialforthispaperhasbeendrawnfrom
noise-researchprogramsattheLangleyLabomtory,fromvisitstovarious
organizationswhichareconcernedin someway.withtheaircrafi-noise
problem,andfroma reviewoftheliterature.A.uattempthasbeenmade
to aclmowledgetheavailablesourcesofmaterialwherepossibleandthe
referencesofthepresentpaperconstitutea limitedbibliographyof
significantresearchworkwhichappliestotheaircraft-noiseproblem.
Thereadermayobtainmoredetailedinformationfromthereferences
listed,someofwhicharedigestsofmanyotherreferencesandhenceare
themselvessurveysof certainphasesoftheproblem.

Thepaperfirstdealswiththeeffectsofnoiseasa background
forthereaderandas a basisfordiscussionoftheothermaterial.

, Nextin ofierofpresentationisa descriptionofthephysicalcharac-
teristicsofaircraftnoise,’~ finallysomewaysofprotectionfrom
noisearetiscussed.

EJ?FECTSOFNOISE

Theeffectsofnoiseonmanarecomplexsincebothobjectiveand
subjectivereacticmsmaybe experiencedsimultaneously.Ofthese,the
latteraremuchmoredifficultto evaluatesincetheyvarywidelyfrom
persontopersonandmaybe affectedbymanyotherfactors.Thereaction
ofanygivenpersonmayvaryaccordingtotheactivityinwhichhe is
engagedandaccomiingtohispersonalorbusinessrelationshipto the
noise-prducingagency.For”~t~ce, ifhewerea neighborhemightbe
lesstolerantofthenoisethanifhe wereexposedto itinthecourse
ofhisregularduties.Hisreactionsmightbe stilldifferentifhe
werea payingpassengeronanairline. Q

Acceptablenoiselevelswillbe differentforvariousactivities
andwillvarywiththeindividualandwiththequalityofthenoise.
Althoughno attemptismadeinthispaperto establishnoisecriteria
forsubjectivephenomena,somephysiologicalandpsychologimleffects
ofthenoisearedescribsd.Sincemanyinconclusiveresultsare.found
intheliteraturein regatitopsychologicalreactions,onlytheresults
ofa genemlnaturefroma largenumberofthesestudiesaresummarized
(ref.1).

—.— —.

(Sou~a-pressurelevelsdiscussedinthispaperareexpressedin
decibelsand,as is conventional,aremeasuredrelativetoa reference
pressurelevelof0.0002dyne/cm2.Theso~d-pressurelevelindecibels
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isthusequalto 20loglop/O.0002,where p isthesoundpressurein

dynes/cm2.As iswell-lmown,theearrqspondstoa widerangeofpres-
surelevels.Forillustration,thepressureamplitudesofnormalcon-

,, versationalspeechmaybea fractionof1 dyne/cm2(X to 70 decibels);
whereas,a pressureamplitudeof200dyues/cm2(120decibels)usualIly
causesdiscomfortto theobserver.

3

(Someoftherelationshipsforsound-pressurevariati&sare
expressedaspowerfunctions;theexponentforthepowerfunctionof
thesoundener~ istwicethatforthesoundpressure.)

Annoyance

Theannoyancecausedbya steadynoiseisa functionofitsinten-
sitylevelandfrequencyspectrum.Annoyanceincreasesastheintensity
increasesandisgenerallygreaterfornoisescontaining.thehigherfre-
quenciesthanforthoseofpredominantlylowfrequency.Otherfactors
Imownto increasetheannoyanceareunexpectedness,
andintermittence.

WorkOutput

Shortexposuresofindividual

andEfficiency

workmentonoise

inapprcrpriateneas,

levelsashighas
120decibels‘mdlong-termexposuresto lesserintensitiesdonotseem
toaffectadverselytheirperformanceofmostjobsinvolvingmentaland
muscularwork.A workmanisthusapparentlyableto adapthimselftoa
noisyenvironmentforthepurposesofdoingcertainjobs,althoughsub-
jectivefeelingsofannoyancearesometimesobserved.Forcertaintasks
whereconcentrationisrequired,thepresenceof somenoisemayevenbe
beneficial.Itisrecogn.izeithatadverseauditoryeffectsmaybe
observedby thepersonexposed,unlessadequate‘protectionfortheear
isprovided.Asidefromthesepossibleauditoryeffects,someofwhich
arediscussedsubsequentlyint~s paper,there
manisaffectalphysiologicallybynoiseletels

Forjobs
necessary,as
in-somecases

involvingtalkingorlisteningor
inteamwork,noiseisdetrimental
mayconstitutea serioushazard.

is littleevidencethat
up to 120decibels.

wherecommunicationsare
toworkingefficiencyand

EffectsonCommunication

Becauseoftheabilityofnoisetomaskspeechfrequencies,itmay
interruptalltypesof communications.Theconsequencesthusmayrange
in severityfromannoyanceinthecaseofsocialconversationsto life-
and-deathmattersinvitalcommn.icatiops.

.

-—.-—— ———. ——.
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Thequalityofthenoisespectrumissignificant
actionisa functionbothofintensityandfrequency.

mu TN2701

sinceitsmasking
As an example,

themaskingactionofa 400-cpspuretonewith-an~tensi~yof7’O-de~i-
belsisillustratedin figure1 as a functionoffrequency(ref.2).
Theamountbywhichthehearingthresholdis raisedforeachfrequency
isa measureofthemaskingandis indicatedbythecurvein figure1.
A smallamountofmaskingwasprducedat frequenciesbelowthemaking
frequency;whereasa relativelylargeamountoccurredat frequencies
abovethemasl&gfrequency.Themostdetrimentaleffectsoccurredat
frequenciesnearlycoincidentwithandslightlyabovethemaskingfre-
guency.Althoughtheseresultsareforoneparticularmaskingfrequency,
similsxresultshavebeenobtainedforotherfrequencies.Noisefre-
quenciesbelowthespeechrangethuswillhavesomemaskingactionon
speechevenatrelativelylowintensities.,Noisefrequenciesabovethe
speechrangewi33havelittleornomaskingeffects.

Ininstanceswheresueechismaskedbyhigh-levelnoise,theuseof
earplugswillusuallyimprovetheintelligibility.Thisbenefitarises
becauseofthenonlinearresponseoftheearto sofidsofvariousinten-
sities.b general,high-levelspeechislessintelligiblethanlow-
levelspeech.Whenearplugsareused,thesfgnal-t-noiseratiois
essentiallyunchangedbutthesignalstrengthmaybe reducedtoa value
whichmakesitmoreintelligible(ref.1).

DeafeningEffects
.

At levelsaboveapproximately85 decibels,themostcommonphysi-
ologicaleffectofnoiseonmanistheproductionofhearinglosses.
Thenatureandamountofhearinglossproducedisa functionofthe
intensityofthenoise,itsfrequency,andthedurationofexposure.
Thecompleterelationsofhearinglossto frequency,intensity,and
durationarecomplexandvarysomewhatwiththeindividual.Henceonly
a fewofthemoregeneralresultsinreferences1, 3, 4, and5 are
includedherein. .

A givenhearinglossmaybe incurredby exposureto an intense
noiseofshortdurationorbya lessintensenoisefora longerduration.

I Thegreatesthearinglossesaregenerallyproducedatthepredominant
noisefrequencyorina higherbandoffrequencies,orboth.An exposure
to a bandoffrequenciesproducesappro~tely thesamehearinglossas
a puretoneofthesameintensityandoffrequencycorrespondingtothe
middleoftheband. Figure2 illustratesthetemporaryhearinglossfor
an observeraftera shortexposuretoa ratherintensejet-enginenoise
spectrum(ref.~). Thegreatestlossesinthisinstanceoccurredinthe
rangeoffrequenciesmostusefulforspeechperception(500to 2000cps).

. . ..-

.

—
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Hearinglossaswellas recoveryofhearimgusuallybeginsrapidly
andthenprogressesmoreandmoreslowlyasa functionoftime.Mostof
thesedeafeningeffectsaretempomryandnormalhearingreturnsina
periciioftimerangingframa fewhoursto severaldays.Permnent
hearinglossesmayoccuronlyafterrepeatedexposurebeforerecovery
is complete.

EffectsofIntenseNoise

Auditoryeffects.-Inadditionto thewell-knowndeafeningeffects
ofnoise,certainothereffectsareprcxlucedintheaudiblefrequency
range(15to 1~,000cps)at intensitiesabove120decibels.Thislevel
isgenerallyre~fiedas theapproximatethresholdoffeelingandmay
be uncomfortabletotheobserver.As thenoiselevelsincreaseabove
thisvalue,moreandmorediscomfortisexperienceduntilpainoccursat
aboutlkOdecibels.Experimentalevidenceexistswhichindicatesthat
physicaldamagetothehearingmechanismsuchaspuncturingoftheear-
drummayoccurat levelsofapproximately160decibels(ref.6). For
noisefrequenciesinthe2000to 15,000cpsrange,themaineffectsat
allintensitylevelsareassociatedwiththehearingmechanism.

Nonauditoryeffects.-At frequenciesbelow2000cpsvariousnon-
auditoryeffectsalsoappear(refs.5 and6). W&XIa personisexposed
tonoiselevelsofapproximately150decibelsinthefrequencyrangeof
700to 1500cps,he mayexperienceresonancesoftheheadbonesand
cavitiesaswellasblurredvision.At audiblefrequenciesbelow700cps,
shilar.sensatimsareexperiencedintheregionofthechestandstomach
andvariousmusculargpoupsareaffected.Verylittleinfommtionis
availablefortheloweraudibleandsubaudiblerangesalthoughnoiseat
thesefrequenciesmayalsoproducesignificantphysiologicaleffects.

Inlaboratorytests,smallfurredanimalshave%eenkilledby over-
heatingduetoabsorbedsoundenergyataudibleandultrasonicfre-
quencies(ref.7). Theabilityoftheanimalto absorbthisenerg is
indicatedqualitativelyas a functionoffrequencyinfigure3,along
withsimilardataforman (ref.8). As indicatdinthefigure,asthe
noisefrequencyincreases,theanimalis generallyableto absorbthe
energymoreefficiently;whereasthereverseistrueform. !l%ese
samegeneraltrendsarebelievedtoapplyintotheul@asonicfrequency
range.

Resultssuchas indicatedin figure3,togetherwiththeknowledge
thattheultrasonicnoisecomponentsinaircraft-noisespectrumsare
relativelylowinintensity,haveledto theconclusionthatthereare
atpresentno serioushazatistomanintheultrasonicfrequencyrange.

— ..—. ~—
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FatigueofStructures

Intheoscillatingpressurefieldsurroundinga noisesourcethe
intensitydependsonthedistancefromthesource.At somedistance
awaytheseoscillatingpressuresarerecognizedonlyasnoiseandmay
prcducesomeoftheeffectsonmn thathavealreadybeendiscussed.
At pointsveryclosetothesource,theypralucemoreintensenoise
andmayalsobe capableofexcitingdestructivevibrationsinnearby
partsoftheaircrafistructure.Studiesoftheseintenseoscillating
pressurefieldsandtheirassociatedvibrationsareofinterestin
connectionwiththefatigueproblem.

Manyfailuresofthesecondarystructureofwingsandfuselages
havebeenobservedinpropellerandjetaircraftduetoaccelerated
fatigue.b propellerairplanes(ref.9) thesefailureshaveoccurred
generallyinthefuselagenearthepropellerplaneofrotationandin
thetrailing-edgewingstructureforpusherconfigurations.In jetair-
planes,failuresofthetailpipe,fuselage,andwingsecondarystructures
nearthejetetithavebeenobserved.An increaseinclearancebetween
thenoisesourceandthestructureaffectedisusuallybeneficialin
alleviatingthiscondition.Forexistingconfigurations,changesinthe
rigidity,mass,anddampingofthestructuremaybe a satisfactory
solution.

PHYSICALCHARACTERISTICSOFAJRCRAI?I’NOISE

Thematerialinthissectionrelativetothephysicalcharacter-
isticsofaircraftnoiseisapplicablespecificallytotheconditionof
zeroforwardspeedunlessotherwisenoted.Informationforthestatic
case,however,mayalsobe appliedapproximatelyto conditionsoflow
forwanispeed,as intake-offandclimb.Low-altitudeandstaticoper-
ationsofaircraftarelmowntobringaboutmostofthenoiseproblems.
Innormalflight,noisewillgenerallybe a seriousconsiderationonly
foroccupaptsoftheaircraft,andforthisconditiontheeffectsof
forwardspeed,especiallyinthehigh-subsonicrangeandabove,arenot
lrell-knuwn.

Characteristicsofvariousaircrati-noisesourcessuchaspropel-
lers,jets,androcketsareconsidered.Frequencyspectrums,directional
characteristics,andintensitylevelsarepresented,andprovisionis
madefora comparisonofthenoisefromsomeofthevariousunits
considered.

‘..
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FrequencySpectrums

Figures4, 5,and6 showschematicallythreegenemltypesof
sourcesofaircraftnoise,namely,propellers,pulsingflows,and
turbulenceandjetmixing.Thefrequencyspectrumsandassociatedwave
formsinthefigureswererecordedphotographicallyfromtheviewing
screensofa PanoramicSonicAnalyzeranda cathode-myoscillograph,
respectively.

Steadyforcesvaryimzindistance.-Onebasictypeofnoiseis
generatedbypropellersandisillustratedin figure4. Therotational
noise,whichisthemin componentofpropellernoise,is generatedby
a constantaer@namicforceonthebladewhich,asa cyclicfunction
oftime,variesindistanceto theobserver.Typicalnoisespectrums
fora propelleroperatingat subsonicandsupersonictipspeeds(ref.10)
areshowninthefigurewhereintensityappearsasa functionoffre-
quency.Thenoiseconsistsprimarilyofa fewfrequenciesof constant
amplitudewhichareharmonicallyrelatedto theblade-passagefrequency.
Itis significantthatat supersonictipspeeds(fig.4(b))-someofthe
higher-orderharmonicsaremoreintensethanthefundsmentaljwiththe
resultthatthecharacteristicwaveformisveryshawlypeaked,as
indicatedbythetypicalpressuretime-historyrecordshownat theright-
handsideofthefigure.At thesubsonictipspeeds(fig.k(a)),the
spectrumgenerallycontainslessharmoniccontentandtheover-au”
intensitiesarelower.Ingeneralthemoretitensenoisefrequencies
fromeithertypeofpropellerwillappearinthespectrumbelow
1500Cps.

Pulsingflow.-A pulse-jetengine,whichisdesignedto operatein
a cyclicmanner,isa pulsing-flow-noisesource.Theexhaustgasesare
expelledperiodicallyata frequencywhichisa functionoftheengine
configurationanditsopemtingtemperature.Noisefroman engineof
thistypeisillustratedschematicallyin figure5. Thespectrum
associatedwiththistypeof sourceis shownintheleft-handsideof
thefigureandis seento containonlya fewdiscretefrequencies,the
fundamentalorfiringfrequencybeingthepredominantone. Thewaveform
shownintheright-handsideofthefigireisassociatedwitha spectrum
ofthistypeandis indicativeofitslow-frequencycontent.

Anothercommonpulsing-flow-noisesourceisthereciprocating-
engineetiaust.Exhaustnoisespectrumsindicatethatthemostintense
noisecomponentusuallycorrespondsto thefundamentalfiringfrequency
oftheengineandallothercomponentsareoflesserintensity.Thus
thespectrumfromthistypeofpulsing-flowsourcemaybe similarto
thatoffigure5 exceptforsomepossiblesubharmonicwhicharebelieved
tobe causedbydissimilaritiesinthemanifoldsystemandforsomeh.igh-
frequencynoiseofanaerodynamicorigin.

.—— .- — --—— .— —.
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Eventhoughtheresultsinfigure~ applydirectlyto thepulse-jet
engine,similardiscretefrequencyspectrumshavebeenobtainedforram
jetsandfora turbojetwithafterburner.Thusthenoisegeneratedby
pulsing-flowphenomenaisbelievedtobe,closelyrelatedtothatgener-
atedby roughburningortopossibleresonanceswhichmayoccurduring
operationof continuous-typeengines,ortoboth.Verylittleinfor-
mationisavailableconcerningthesephenomenasincetheyareavoided
wheneverpossiblebecauseofintensenoiseandvibration.

Turbulenceand.Iet-n g.-Thenetinoisesourcetobe considered
isthemixingregionofa jetissuingfroma chamberintotheatmosphere
as shownschematicallyfi figure6,alongwitha typicalspectrumand
waveform.Themechanismofthistypeofnoisegenerationisnotwell-
understocdbutexperhentshaveshownthata smoothflowingjetofair
issuingintotheatmosphereisan intensenoisesource.Therobingregion
ofthejetisof interestbecauseitisoneofthemainsourcesofnoise
fromtheturbojetengine.Thenoiseisapparentlyassociatedwithturbu-
lenceanda typicalspectrumcontainsnearlyallfrequenciesfromthe
subaudibleto theultrasonicr-e (ref.Xl.).Sincesomanyfrequencies
arepresentand.inrandomphase,theresultingover-allsignalpresents
a hashypictureas a functionofthe ontheviefigscreenofa cathcde-
rayoscillograph.Thisresultisinmrked contrasttothesteadychar-
acteristicwaveformofthepropellerin figure4. Thedistributionof
energyinthesoundspectrumofjetshasbeenfoundto be a functionof
thejetsize;however,forjetenginesin currentusethepeakintensi-
tieswillprobablyoccurat frequenciesnear1500cpsorbelow.

DirectionalChamcteristics

Theradiationpatternsoftheover-allnoisefromsomepropulsive
devicesarehighlydirectionalinnatureandthusmayaffecttheground-
handlingofaircraftandeventheirdesignandoperation.An indication
of someofthesedirectionalcharacteristicsisgivenin figure7,which
isa polardiagramshowingtherelativeover-allpressureamplitudeasa
functionofazimuthanglefromthethrustatis(0°in front)fora turbo-
jetengine,a propeller(ref.10),anda reciprocating-engineexhaust
(ref.12). Propellernoiseisa nmdmumnesrtheplaneofthepropeller
wherethedistancevariationbetweentheobserverandthepropellerblade
isgreatest.Jetnoiseisa msxhumtotherearoftheorificenearthe
jetboundary(seeref.13),andtheazimuthangleatwhichthemaximum
occursisdependentinpartonthesound-propagationvelocityofthejet
medium.As thesound-propagationvelocityincreases,an apparentrefrac.
tioneffectcausesthemaxhumvaluetomoveoutwardfromthejetboundary.
Thereisno experimentalevidenceto indicatethatthemaximumvalues
willoccuratazimuthangles,asdefinedinfigure7,appreciablyless
than135°.Measurementsoftheover-allnoiseforpulsing-flowsources

..-
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indicatethattheradiationpatternsareonlyslightlyUrectional,as
indicatedby thedataforthereciprocatingenginein figure7.

.
Variationsinthefrequencycontentofthenoiseaswellas its

intensitylevelmy occuras’afunctionoftheobserversazimuthangle.
Forjetsa greaterproporticmoflow-’fiequencynoiseis observednear
thejetboundary;whereasatpositionsperpendicularto thejetaxisthe
higherfrequenciesbecomerelativelymoreintense.Propeller-noise
frequenciesarea functionoftherotationalspeedoftheprope~er
exceptatazimthanglesverycloseto thethrustads wherethenoise
associatedwithsheddingofvorticesfromthebladesismostintense.
Thisvortexnoiseis randominnatureandisusuallyofhigherfrequency
thantherotationalcomponent.Forpropellersoperatingat lowtip
speeds,as inreferences14 and15, thevortex-noisecomponentmy be a
relativelylargepartofthetotalnoise.Sinceitsintensityincreases
ata slowerrateasa functionoftipMachnumberthandoestherota-
tionalcomponent,it isa relativelyunhportantpartoftheover-all
noiseathightipMachnumbers.

Propellers.-Fora
noisemaybe a function
andthebladegeometry.
intensityasa function

Over-AllJntensityLevels

givendiskpowerloadingthebver-allpropeller
ofthetipMach.number,thenumberofblades,
Figure8 shows’therelativeover-allsound
oftipMachnumberfora ,two-anda six-blade

propellerforconstantpowerinput(refs.9,10,andlkto 19). It
canbe seenthata decreaseinthesoundintensitycanbeachievedby
usingmorepropellerblades;however,thedecreaseobtainableis greater
atthelowertipspeedsthanat thehigherone-s.Forbothpropellersthe
tipMachnumberisa significantpammeterinthesubsonicz%mge;whereas,
inthesupersonicrange,thesoundintensityisessentiallyindependentof
thetipMachnumber.At subsonictipMachnumbers,largesoundreductions
canbe obtainedby increasingthenumberofbladesandreducingthetip
Machnumber.At supersonictipMachnumbersa relativelysmall.benefit
wouldbe obtainedfromthistechnique.Somepreliminarytestshaveshown
thatbladeplanformwhichapparentlyisnotsignificantat subsonictip
Machnumbersmaybea significant-parameterinthesupersonicrange.The
widerbladesmaycausesomereductiminintensities,particularlyforthe
higherharmonics.

Ithasbeendemonstratedthatquietpropellers.aretechnicallyfeasi-
bleforsmallpersonal-owner-typeairplanesby thetestsofreferences14
and15. It isbelievedthatthesameprinciplesmaybe applklto the
quietingofpropellersoftransport-typeairplanesalthoughlargedesign
anddevelopmentproblemsandcostswouldprobablybe encountered.Some
ofthefactorswhichmustbe consideredinthedesignof quietpropellers
areoutlinedinreference20.

\.— — -.
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Reciprocatingengines.- Thewin source
catingengineistheexhaust.Theintensity

WA TN 2701

ofnoisefromtherecipro-
variesas a functionofthe

typeof&ifold systemusedandin someinstancesmaybe ofthesame
orderofmagnitudeasthepropellernoise.Theexhaustnoiseincreases
inamplitudeata slowerrateasa functionofenginerotationalspeed
thandoesthepropellernoise(ref.21). Thelatterthenisusuallymost
intenseinpresent-dayaircraftfortake-off,climb,andcruisecondi-
tions(ref.4),althoughin someinstancesthe.exhaustnoisemaybe more
objectionable.Whensomeprovisionhasbeenmadeto quietthepropeller,
as in references14and15,theexhaustnoisemustalsobe reducedin
ofierto achieveeffectiveover-allnoisereduction.If stubexhaustsare
usedforreascnsofperformance,theexhaustnoiselevelsmaybe somewhat
higherthanifthecollector-ringtypeofmanifoldisused.

!l!urbo.iets.-Ikomcurrenttestsithasbeenfoundthatturbojet
enginesareverycloselyrelatedto simpleairjetsin regamitotheir
noisegeneration.Itwasalsofoundthatjetnoiseincreasedininten-
sityas thejetvelocityandetites densityandturbulenceincreased.
Thepredominantpa~ter affectingthenoiseintensityisthejetexit -
velocityandis shownin figure9,wheresoundpressureisplottedasa
functionof jetetitgasvelocity.Thesoundpressureisthusseento
be a powerfunctionofthevelocity,withtheexponentofthepowerbeing
slightlylargerthan3.0. Thusifthevelocitywasvariedby a factor
of 2,thesoundpressureswouldbevariedby a factorofapproximately10.
Thisfigureindicatesthata trendtowazd.higherengineoperatingtemper-
atureswiththeirhigherassociatedjetvelocitieswillmeancorrespond-
inglyhighernoiselevels.

Afterburnerumits.-Figure10,whereover-allnoiselevelsareshown
as a functionoftheobserversazimthangle,showsa comparisonofthe
noisegene~tedby a turbojetenginewithandwithoutafterburner.Both
setsofdatawererecordedatthesamedistancefromthesourceandare
adjustedto thesamethrustratingforcomparison.Thedirectionalchar-
acteristicsareseentobe similarineachcase,butthenoiselevels
associatedwithafterburneropemtionarehigheratallazimuthangles.
Thisincreaseinthenoiselevelisdueinpartto thehigherexitgas
velocitiesoftheafterburnerunit. Theresultsin figure10arefor
oneparticularengine,andsincethedatamaybe affectedbythedegree
ofroughburning)theseresfitsmaYnotbe characteristicofafterburners
in general.

,

TurboPropellerunits.-Noisemeasurementsarenotavailablefor
turboprupellerunits;h~,ver,someestimatesofthenoiselevelsfortwo
diffemt unitshavebeenmadeandtheresultsareshowninfigure11.
llrbasitylevelsareplottedas a functionofazimuthangleforcondi-
tionsof~00 poundsofthrustanda distanceof300feet.Forthepur-
posesofthiscomparisontheassumptionhasbeenmadethatthepropeller

— — .—
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provides90 percentofthethrustandthatthejetprovides10percent
ofthethrustwhileoperatingat a tailpipetemperatmofapproxi-
matelylhOO F abs.

Thesubsonic-turbopropeller(tipMachnumberof0.9) curvehas
beenestimatedfromthetwodashedcurvesshowninthefigurewhichshow
thecontributiontotheover-allnoiseofthejete~austandthepro-
peller.At thegivenconditions,thepropelleristhemaincontributor,
althoughat someazimuthanglesthejet-exhaustnoisemaybe ofthesame
orderofmagnitude.Inthecaseofa supersonic-typeturbopropeller,
theprop@leris clearlythedominantnoisesourceatallazimthangles.

Rockets.-In general,thenoisegeneratedby rocketenginesappears
tobeverysimilartothenoisefromturbojetsinregardto frequency
spectrumsandradiationpatterns.Figure12 showstheover-allnoise
levelsgeneratedbytwotypesofpolid-fuelrocketenginesasa -function
oftheazimuthangle.Alldatahavebeenadjustedtoa distanceof
300feetanda thrustratingof5000pounds.Thecurveforsmooth
burningrepresentsdatafora thrust-augmentationtypeofrocketenghej
whereasthecurveforroughburning~s obtainedfromtestsofa larger
engineusedtopropelmissiles.Thedifferencesinlevelsforthesetwo
curvesmayrepresentthedifferencebetweensmoothandroughburning for
thistypeofengine.

Pulse.flets.-Thepulse-jetengineisa prolificgeneratoroflow-
frequencynoise.Thespectnm,as shownin figure5, consistsprimarily
ofa fewdiscretefrequenciesofwhichthefwdamentalorfiringfre.
quencyisthemostintense.Measurementsforan engineratedat90pounds
ofthiustindicatedthattheradiationpatternwasonlyslightlydirec-
tionalintheregionto therearoftheengineandtheintensitylevels
ata distanceof10 feetweregreaterthan140decibels.

=!!da!l”-Datafora smallsubsonicram-jetunitofthetypeused
topropelhelicopterbladesindicatdthatthequalityofthenoisewas
verysimilartothatshowninfigure5 inthatseveraldiscretefrequency
componentswerepresentinadditionto thecharacteristic~ndomnoiseof
continuous-typejets.Measurementsonlargerengtieshavegivens~lar
results,andthistypeof spectrumis believedtobe generallyassociated
withram-jetengines.Testsshowedthenoiseinthefrequency=nge of
O to ~ cpstobe sharplydirectional,withthemaximumnearthejetaxis
to therearoftheengine.NoiseinthefrequencyrangeofhOto
15,000cpsseemedtobe onlyslightlydirectional,withthemaxhxnalso
nearthe3et-s.

Aerodynamicnoise.-Aerc@nami.cnoiseisgeneratedintheboundary
layeroftheairplaneas itmovesthroughtheair. It isassociatedwith

, turbulence
instancea

andhasa spectrumsimilartothatin figure6. In one
noiselevelofappro-tely 130decibelswasrecordedinthe

.— .—.——— .— — —
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cockpitofa fighterairplaneatan indicatedairspeedof500mph;hence
thistypeofnoisemaypredominateinthecockpitandpassengercompart-
mentsof somejetaircraft.Thisnoisewillprobablynotbe ofconcezm
to observersoutsidetheairplanesinceitisan importantconsideration
onlyathighflightspeeds.

Dataontheaerciiynamicnoiseinthepassengercompartmentofa
largegliderareshownin figure13wheresoundpressuresareplottedas
a functionofairvelocity(ref.22). Thesoundpressuresareseentobe
a powerfunctionoftheairvelocitywiththeexponentbeingapproxi-
mately2.3. DataobtainedinvarioustypesofaircraftbyRogersand
otherinvesti@torsindicatethatthisexponentappliesapproximately
throughoutthesubsticflightrangefora varietyofaerodynamicshapes.
Theintensitylevelmaybehtgherforpooraerodynamicshapesandwill
varyinaccordancewiththesound-transmissioncharacteristicsofthe
fuselagewall. Itwasalsonotedthattheener~ inthespectrumappar-
entlytendsto shiftto thehigherfrequenciesastheairvelocity
increases.ForvelocitiesinexcessofhOO”mphthepeakfrequencies I
willprobablyoccurinthefrequency~ge of1200to 2400cpsor
higher.

Conventionalmethalsof soundproofingwillprobablybeadequatefor
protectionfromthistypeofnoisesincethebulkofthesoundenergy,
atthehigherflightspeeds,appearstobe inthefrequencyrangewliere
soundproofingiseffective.It isparticularlyimportanttohaveadequate
sealsaroundwhims, doors,canopies,andsoforth,sincefaultsofthis
typewhichallowairflowintotheairplanemaymarkedlyincreasethe
noiselevel.Pressurizedcabinsareespeciallyeffectiveinminimiz~g
aerodynamicnoisesinceallleaksareeffectivelysealed.

ComparisonofNoisefromVariousPropulsiveUnits

It is ofinterestto comparethemaximLuunoiselevelsfromvarious
propulsivedevices.Forthispurposefigure14hasbeenpreparedto
includethoseunitsforwhichdataareavailable.Allvalueshavebeen
adjustedto correspondto a distanceof300feetanda thrustratingof
5000pounds.

Thebestestimateobtainableoftheexhaustnoiselevelfora
reciprocatingengineis considerablylowerthanthepropellernoise;
thusa reductionoftheexhaustnoisewithoutalsoreducingpropeller
noisewillresultina relativelysmallnoisereduction.If substantial
reductionsaretobemadeinthenoisefrompresent-daypropeller-driven
aircraft,boththepropellerandexhaustnoisemustbe reduced.

Itisapparentthatthenoiselevelsassociatedwithsuchhigh-
performnceunitsasthesupersonic-t~epropeller,theafterburner,and
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therocketenginearehigherthanforour
Consequentlytheirusewillaggravatethe
wheretherearelow-fl$ingairplanesand
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present-daypropulsivedevices.
noiseprobleminneighborhoods
ground-testingofengines.

NOISE

Thefactthatsomeaircraftnoiselevelsaresohighindicatesthat
someformofprotectionshouldbeprovidedforpersonswhoareexposed
tothenoiseinthecourseoftheirduties.Protectionisparticularly
necessaryforthosewhoarerequiredtoworkcloseto thenoisesource
wherethelevelsmaybe sufficientlyintensetoaffectthem
physiologically.

Themostdesizablemethodofameliorationisto reducethenoise
itselftoanacceptablelevelat thesource;however,becauseofper-
formanceconsiderations,orthehighnoisel$velsinherentinaircraft
propulsionsystems,orboth,thiscryditionisdifficultto realize.
Thepresentsectionbrieflydescribesmufflingof jetandreciprocating
enginesanddiscussesothermeansofprotectioninthecaseswhere
reductionofnoiseat thesourceisnotfeasible.

ExhaustMuffling

Reciprocatingengines.-Foranygivenreciprocatingenginethe
exhaustmufflercanbe usedas a meansofreducingtheexhaustnoise.
Mufflersareusuallydesignedfora particulartypeofenginesincesuch
variablesas enginefiringfrequency,volumeofgasflow,andthedesired
attenuationChaticteristicsareimportantfactorsinthedesign(refs.12
.md23).

Foreffectivemufflingtheuseofa collectorringisgene~lly
advantageoussinceallcylindershavea commonexhaustexit.Thiscon-
figurationwillaccomplishsomenoisereductioninitselfandwillall.uw
theuseofonemufflerperengine.Sincetheenginebackpressureshould
bekeptata minimumthemufflerswhichallowa straight-throughpassage
oftheekhaustgasesaredesirableforaircraft.Thesemufflersare
knownas theresonant-chambertypeandtheiracousticpropertiesare
dependentinpartonthechambervolumesinvolved.Ingeneralthistype
ofmufflerrequireslargerchambervolumestoattenuatethelowerfre-.
quencies;henceitisadvantageousfrcmthestandpointofmufflingfor
theenginefiringfrequenciestobe ashighaspossible.

Figure1S,inwhichintensityisplottedasa functionoffrequency,
showsthecompositionoftheexhaustspectrumfroma 190-horsepower
reciprocatingenginebothbeforeandaftermuffling.Theverysimple

——. — —-- — --——
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mufflerusedforthesetestsisalsoshownschematicallyinthefigureand
itseffectivenessisindicatedasthespacebetweenthecurves.Judging
fromthequalityofthespectrum,thetaskofreducingtheover-aunoise
isapparentlyoneofreducingthelow-frequencycomponentssincetheyare
of greateststrength.Somediffennceofopinionexistsastowhichfre-
quenciesneedthegreatestreductionsincesomeobserversbelievethatthe

.,

higheronesaremoreobjectionable.Thisparticularmufflerdesignis
capableofprovidingsomenoisereductiontluroughoutthespectrumandpro-
videsan over-allnoisereductioninthiscaseofapproximately8 decibels.

Thebasicprinciplesofmufflerdesignforsmallreciprocatingengines
arefairlywellunderstoodandthoseWhichapplyspecificallyto smallair-
craftenginesareindicatedinreferences12 and23. Suchfactorsashigh
gasvelocitiesandhighsoundpressuresmaycausethemufflerperformance
to deviatesomewhatfromthatpredictedby thetheorywhichisbasedon
theassumptionof smalldisturbances.Forlargerenginesmanyofthebasic”
principlesmayapply,butanoptimumdesignwithregardtonoisereduction,
weight,andsafetywouldresultonlyfromadditionalresearchanddevelop-
mentwork.

Jetendnes.-Sincejetenginesareprolificnoisegene=tors,there
ismuchinterestineffectivemufflikgtechniques.Consequently,a
largenumberofgovernmentalagenciesandaircraftccmqyudes,working
moreorlessindependently,havedevisedsatisfactorymufflerswhich,
althoughdifferingin constructionandoperation,relyonthesamebasic
principlestoaccomplishmuffling.Thesemufflersarebeingusedfor
~ound-testingofenginesmountedn testcellsandforgroundrun-ups
ofproductionmdel airplanes<refs.24and25). In contrasttothe
reciprocating-enginemuffler,thesedesignsareverylargeandmassive
andtodatenoneis’availableto reducejetnoiseinflight.Thelarge
sizeofthesemufflers,as indicatedin figure16,resultspartlyfrom
thelargevolumeofexhaustgasesinvolvedandpartlyfromthepresence
ofintenselow-frequencynoisecomponentswhichnecessitatetheuseof
largeresonantchambersinadditiontothemoreconventionalsound-
absorbingmterials.Theoutsidewallsaremssiveb ordertominimize
thetransmissionofnoisegeneratedby thehighvelocitiesandturbulence
insidethemuffler.

Oneofthebasicrequirementsof jetmufflingisthatthejet
exhaustfirstbe cooledandthusreducedinvelocitywithoutbuildingup
excessivebackpressuresontheenginebeingtested.Thee-ust gases
arethusenclosedina compartmentinwhichcoolingprocesses,suchas
theadditionof secondaryairor cool+gwatersprays,orboth,maybe
applied.Fromthecoolingchambertheexhaustgasesenterthemuffler
atvelocitiesoftheorderofhOOft/sec.b geneml,satisfactory
mufflingresultshavebeenobtainedwhenthejetvelocitywasreducedto
a valueofappro-tely 200ft/secorlessatthemufflerexit.

Theprinciplesof jet-e~ustmufflingarealsoapplicabletothe
airinletsofjetenginesandtowindtunnelswhichhaveheat-exchange
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towersor openingsto theatmosphere.Intheselattera~”licationsthe
actualnoisereductiawouldbe accomplishedinthesamemsmneras in
jet-exhaustmufflingbut,therewouldbe noproblemof coolingthe
exhaustgases(ref.26).

SpatialIsolation

S@ce relieffrm noiseis obtainablebymerelyincreasingthe
distancebetweentheobserverandthenoisesource,itis’ofinterestto
evaluatethiseffectofdistanceonthenoiseframthevariousair-czafi-
noisesources.Noisereductionasa functionofdistance,in quiescent
air,is shownin figure17 forfrequenciesof1000,3000,and10,000cps
(ref.27). Thesolidlinerepresentsthenoisereductiondueto the
normalspreatigofa soundwaveaccordingtotheinverse-squarelaw.
Forfrequenciesoftheorderof1000cpsorbelow,verylittleadditional
noisereductionduetoatmosphericeffectsoccurs,butathigherfre-
quenciestheatmosphericlossesmaybe quitelarge.Sincemostaircraft-
noisespectrumshaverelativelylargecomponentsinthefrequencyrange
belowlWO cps,thesolidliqe.infi&re17willessentiallydescribethe
intensityasa functionofdistanceexceptforverylargedistances.
Differentresultos,particularlyat thelargerdistances,maybe obtained
whereturbulence,windgmtients,andtemperatureinversionsarepresent.

Thedata offigure17 are ror conditionsofsoundpropa~tionfor
clearareassuchas overanairportrunwayandfromanairplaneflying
overhead.Inthecaseofterrainwithobstructionssuchas grass,
shrubbery,trees,’andsoforth,theavemgeattenuationis somewhat
greaterthanindicatedinthefi~e.

Soundproofing

In instanceswheregroupsofpeoplearerequiredtobe nearnoise
sourcesforlongperialsoftime,soundproofingisgenerallyused.asa
meansofprotection.Ingeneral,thisinvolvestheuseofa structure
to isolatean observerfroma noisesource.Twophysicalphenomena
involvedM soundproofingarethesound-transmissionandthesound-
absorptionqualitiesofthestructure.Londonjin reference28$relates
thesetwophenomenato thereductioninintensityas a noisesignal
passesthroughthewallsofan enclosureby thefollowingexpression:

Noisereduction= 10 loglop +%)

where a istheabsorptioncoefficient,T isthetransmissioncoef-
ficient,andthenoisereductionis givenindecibels.(Theabsorption
coefficientofu materialisdefinedas theratioofthesoundener~



whichisabsortidby thematerialtothetotalener~whichfallsupon
it. Similarly,thetmnsmissioncoefficientofa givenpanelisthe
ratioofthesoundenerg transmittedbythepanelto thetotalenergy
whichimpingesonit.)

Valuesof a and T mayvarybetweenO and1.0,dependingonthe
noise’frequencyandthetypesandamountsofmaterialsusedinthe
structure.Twogeneralconclusionsmaybemadefroma studyofLondonts
equation:(1)No noisereductioncanbe obtainedunlessthereis some
absorption(a> O)and(2)thevaluesof T mustbe small.in ofierto
realizelargenoisereductions.Dataarepresentedinreferences28
and29 whichindicatethatnominalvaluesoftheabsorptioncoefficient
(cc= 0.20to O.SO)areeasilyobtainablefora varietyof soundtreat-
mentsintherangeof speechfrequenciesat least.Inaccomplishing
largenoisereductionswheresmallvaluesof T smdat leastnominal
valuesof a areneeded,thetrmismissionpropertiesofthestructure
maythereforebe ofprimaryimportance.

Figure18 showsthetheoretical.transmissionlossasa functionof
frequencyforsoundpassingthloughthreehomogeneouspanelsdiffering
insurfacedensity.Thevalueof1 lb/ft2maybe consideredrepresenta-
tiveofairplane-fuselageconstruction;whereasthevalueof100lb/ft2
ismoreoftheotieroftest-cellconstruction.Althoughsomevariations
inthedataexkt, thetrendsinfigure18havebeenverifiedby experi-
ment(ref.30). ~ generalthelargerlossesareseento occuratthe
higherfrequenciesandrelativelysmll lossesat thelowerfrequencies.
In ofierto increasethetransmissionlossesat thelowerfrequencies,
theweightofthestructuremustbe increased.Thevaluesin figure18
correspondto cotitionsofperfectabso~tion(a= 1.0)andhenceare
~=uy mrgerthanwouldbe obtainedinpractice.

Figure19 showstherelativeamountsofnoisereductionobtainable
atvariousfrequenciesby theadditionofabsorbingmaterialsuchas
gbss WOO1,trimcloth,=rpeting,andsoforth,toan.airplanefuselage
ccnnparedwiththatobtainedwiththebarefuselage(ref.31). Forthe
rangeoffrequenciesof speechfairlylargenoisereductionsareobtaina-
bleby theuseofrelativelylightweightabsorbingmaterials.Forthe
lowerfrequencies,however,thisconventionalmethodofairplanesound
treatmentprovidesrathersrmllamountsofnoisereduction.

~ geneml, figures18 and19 indicatethatnoisereductionsare
muchmoreeasilyobtainedatthehigherfrequenciesthanat thelower
ones.WS findingis significantsinceinfigures4, 5,and6 aircraft-
noisespectrumsareshownto containrelativelyintenselow-frequency
components.Substantialreductionsat theverylowfrequenciesmay
requiremassivestructuresortheuseof specialtechniques,orboth. Of
specialinterestinthisregafiistheuseofsomeuniquemethcdsinthe
soundtreatmentofa )_argewindtunnel(ref.26).

—.
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PersonalProtection

Themostwidelyusedtypeofpersonalprotectionforpersons
workingclosetothenoisesourceistheearplug.This.devicein combi-
nationwiththeearmuffprovidedinthestindafiAirForcetypehelmet
providessubstantialnoisereductionovera wide=ge offrequencies.
Theeffectiveness,separatelyandin”combination,oftypicalearplugs
andhelmets.underoptimumconditionsisshownin figure20,inwhichthe
noiseattenuationisplottedasa functionoffrequency(ref.32). The
attenuationavailablefora combhationnayvaryfromappro~tely
30to80decibels,dependingonthenoisefrequency,andforthespeech
rangeaveragesappro~tely 50decibels.

Thedifferenceinlevelbetweenairconductionandboneconduction
ofsoundisapproxhnately50 decibels.Equipmentdesignedforprotection
againstboneconductionwouldbeverycumbersomeandhenceoflimited
use. Theprotectionprovidedbya well-fittedearplugandhelmetcombi-
nationmaythereforerepresentthep=cticallimitofprotectionforthe
ear. Thiscombinationtillprovideadequateprotectionforrelatively
shortexposms to levelsuptoappro-tely 145decibelsorforlong-
termexposurestonominalintensitylevels.Intensitylevelsofthis
ofierofmagnitudeareuncomfortableto theobsenerbecauseofeffects
onotherpartsofthebcxtyunlesssomeprotectionisprortded.Since
personalprotectionfromtheintenselowfrequencieswhicharefeltby
thebodyas a wholewouldalsobe toocumbersome,soundproofingor
spatialisolationmaybe thebestsolution.

COI?CLUDINGREMARKS

Thisbriefsurveyhasbeenaimedatprovidinga backgroundforthe
understandingofinterrelatednoisequestions’.Someoftheeffectsof
noisehavebeenpointedoutbrieflyasbackgroundinformationforthe
reader,andsomephysicalcharacteristicsofairc=finoiseaswellas
somemeansofprotection@om noisehavealsobe’enbrieflydiscussed.

Theseandotherrelatedstudiesindicatethatno easyandinex-
pensivesolutiontotheaircraft-noiseproblemisavailableatpresent.
-Reductionsofnoiseat thesourcearepossiblein somecases,as for ‘
tiepropellerandthereciprocatingengine,butonlyifa possible
performancepenaltyisacceptable.Theproblemofprovidingadequate

— —...— —- . .—.- —z . —— .————— -———-



protectionisinmanycasesexpensiveandis complicatedbytheintense
low-frequencycontentofthenoisefrommostaircraft-noisesources.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,March12,1952
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Figure19.- Noise reduction obtainable for various frequency banda in
an airplane fuBelage by conventional soundproofingtechniques.
(Data obtaind from ref. 31.)
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